The use of hexagonal boron nitride (h-BN) in microfluidic and nanofluidic applications requires a fundamental understanding of the interaction between water and the h-BN surface. A crucial component of the interaction is the binding energy, which is sensitive to the treatment of electron correlation. In this work, we use state of the art quantum Monte Carlo and quantum chemistry techniques to compute the binding energy. Compared to high-level many-body theory, we found that the second-order Møller-Plesset perturbation theory captures the interaction accurately and can thus be used to develop force field parameters between h-BN and water for use in atomic scale simulations. On the contrary, density functional theory with standard dispersion corrections tends to overestimate the binding energy by approximately 75%. C 2015 AIP Publishing LLC. [http://dx
Confined water can have properties dramatically different from bulk water, and these properties can be used to develop unique functionality at the nanoscale. For example, fast water transport, 1, 2 rotation-translation coupling, 3 and fast rotational motion 4, 5 have been observed in graphitic carbonbased nanostructures, which enables various applications like seawater desalination and energy storage. Compared to graphene and carbon nanotube (CNT), hexagonal boron nitride (h-BN) has the following advantages: (1) h-BN is chemically and thermally more stable; 6 (2) boron nitride nanotube (BNNT) is a semi-conductor independent of its chirality; 7 and (3) BNNT is noncytotoxic. 8 h-BN can be a promising material, complementary to CNT and graphene, for high temperature, biomedical and nanofluidic applications. Recently, giant ionic current was observed through a BNNT which can lead to promising applications such as harvesting electricity from sea water. 9 However, a major bottleneck in the design and optimization of h-BN-based nano-interfaces is that the interface between h-BN nanostructure and water is not well understood.
The water-h-BN binding energy is of fundamental importance to understanding the water-h-BN interface. This quantity would normally be accessible from contact angle measurements; however, experiments are challenging due to surface contamination 10 and defects. 11 The binding energy can also be computed theoretically by using the corrected density functional theory (DFT). 12, 13 While these calculations have provided insights into the physics of water-h-BN interaction, so far no theoretical calculations that can describe the electron correlation explicitly have been performed to accurately evaluate the surface interaction.
In this article, we use three methods to study the binding energy between water and h-BN. Coupled cluster calculations a) aluru@illinois.edu with single and double excitations and perturbative triples in the complete basis set limit (CCSD(T)/CBS) 14 were performed for BN molecules. CCSD(T)/CBS serves as a "gold standard" to benchmark other methods but is not easily applicable to periodic systems. Diffusion Monte Carlo (DMC) 15 was performed for both BN molecules and h-BN monolayer. DMC can achieve high accuracy for weakly bonded systems, 16 scales well with system size as O(n 3 ) (where n is the number of electrons), and is applicable to periodic boundary conditions. 17, 18 Our DMC calculation serves as a reference to evaluate other methods in studying h-BN monolayer. The secondorder Møller-Plesset perturbation theory (MP2) method was performed for various BN molecules and extrapolated to h-BN monolayer. MP2 serves as a computationally efficient method and its accuracy is evaluated by comparing to CCSD(T) and DMC.
DMC is a stochastic projection technique that finds the many-body ground state subject to the fixed node (FN) constraint that the approximate ground state has the same zeros as the trial function. We use as our trial function the Slater-Jastrow wave function
where the one-particle orbitals φ i are obtained from the DFT. The two-body Jastrow factor u is expanded as in Ref. 19 and is variance optimized.
20
The DFT calculations were performed with the Perdew-Burke-Ernzerhof (PBE) functional using the Crystal 2009. 21 Energy-consistent pseudopotentials were used 22 with correction for hydrogen atoms. 23 A triple-zeta basis set with reduced diffuse coefficient was used to obtain convergence in DFT, and a k-point mesh equivalent to a 24 × 24 × 1 mesh on the primitive cell of h-BN was used. One water molecule per 2 × 2 BN supercell was considered. The water monomer is set to the experimental gas phase geometry, 24 and B-N bond length and B-N-B, N-B-N bond angles are set to the experimental values for h-BN. 25 The variational Monte Carlo (VMC) and DMC calculations were performed using QWalk.
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MP2 uses perturbation theory to include electron-electron correlation. The BN molecules considered in MP2 follow the formula B 3n 2N 3n 2H6n (n = 1, 2, 3, . . .). The B-N bond length and B-N-B, N-B-N bond angle are set to the experimental values for h-BN. 25 The B-H and N-H bond lengths are optimized by DFT with Becke's three-parameter exchange and Lee-Yang-Parr correlation (B3LYP) functional for B 3 N 3 H 6 and the same values are used for larger BN molecules. The spin-component-scaled (SCS) technique 27 is used to correct the overestimation of the binding energy as computed from standard MP2 method. The MP2 calculations were performed with the Gaussian package. 28 For B 3 N 3 H 6 and water, the Dunning's correlation consistent basis set aug-cc-pVTZ 29 is used. For BN molecules with n > 1, aug-cc-pVTZ basis set was used for water and B/N atoms in the hexagon ring beneath the water molecule, and aug-cc-pVDZ basis set was used for the rest of B/N atoms and termination H atoms. We checked larger basis sets and found negligible change in the results (see below). In extrapolating from BN molecules to h-BN monolayer, the interacting energy is decomposed into two parts which are extrapolated separately. One part includes the electrostatic interaction component, which is extrapolated following the approach by Jenness et al. implemented for graphene 30 (see Appendix A). The remaining part includes dispersion, repulsion, and induction energy components, which is extrapolated by adding atomistic correction terms C The DMC procedure has a few well-defined approximations. We categorize errors due to the approximations into methodological errors and systematic errors. The methodological errors include errors due to the fixed-node approximation and pseudopotential. The systematic errors include errors due to the finite time step, finite supercell size, incomplete basis sets, and non-zero water coverage density.
We checked the methodological approximations by comparing to coupled cluster calculations with single and double excitations and perturbative triples in the complete basis set limit (CCSD(T)/CBS). 14 We used the B 3 N 3 H 6 -water system as a proxy in which all errors could be controlled. The B 3 N 3 H 6 -water interaction energies as a function of the separation distance h are summarized in Fig. 1 . Both DMC and CCSD(T)/CBS predict that the energy minimum in the distance scan is when h = 3.36 Å. The binding energies calculated by DMC and CCSD(T)/CBS agree within stochastic uncertainty. The agreement between DMC and CCSD(T)/CBS is also good in the medium separation distance range (4-6 Å) and repulsive region (<3.2 Å). From these tests, it appears that the fixed node and pseudopotential approximations do not strongly affect the interaction energy of water with B 3 N 3 H 6 . Assuming that these errors translate to the water-h-BN system, we expect the errors due to these approximations to be minimal. We also checked the error due to the fixed node approximation in h-BN by changing the DFT functional used to generate the orbitals. The DFT functional has the form: is the PBE correlation functional. The DFT functional was changed by systematically varying α from 0% to 40%. The change in the DMC results using Slater determinants generated from DFT with different α is negligible within error bars, as shown in Fig. 2 . Therefore, it appears that for reasonable changes in the Slater determinant, the results of the fixed node DMC procedure do not change.
We checked the basis set convergence by varying the diffuse function in the basis set. Doubling the diffuse coefficient, which changes the interaction energy from DFT by as much as 200%, has little effect on the interaction energy from DMC. We checked the k-point, time step, and water coverage density convergence by halving each and finding that the interaction energies stay the same within the error bars. The finite size error of water-h-BN interaction was controlled by considering h-BN systems represented by supercells of different sizes. The total energy and interaction energies for various supercells are plotted versus 1/N (N is the number of water molecules) and extrapolation by a linear fit, as shown in Fig. 3 . The finite size error in the interaction energy calculated by DMC is not negligible. Extrapolation is necessary to estimate the finite size error and predict water-h-BN interaction energy at infinite size limit. Considering all the approximations, we estimated the error to be less than ±5 meV on the interaction energy. Thus, our FN-DMC calculations provide a binding energy between h-BN monolayer and water of 76 ± 6 ± 5 meV. The first error is the statistical error and the second error is the systematic error. After this paper was submitted, we were made aware of the paper by Hamdani et al., Next, we estimate the errors in the MP2 procedure. We categorize errors into approximations in the MP2 calculations and errors in the energy decomposition and extrapolation. The errors in the MP2 calculations include errors due to the incomplete basis set and neglecting the perturbative corrections higher than the 2nd order in the MP2 method. The errors in the energy decomposition and extrapolation include the errors due to the incomplete basis set, C i j 6 values, finite molecule size, and neglecting the higher-order coupled interaction during energy decomposition.
We checked the error due to the incomplete basis set in MP2 calculations by comparing to results using a larger basis set. In computing interaction energies for B 3 N 3 H 6 , aug-cc-pVQZ basis was used for B 3 N 3 H 6 . The change is less than 4 meV. In computing interaction energies for B 12 N 12 H 12 (where n = 2), aug-cc-pVTZ basis was used for all B/N/O/H atoms. The change is around 1.6 meV. Considering that the contribution to interaction energy is less for B/N atoms away from water, we expect the error due to the incomplete basis set to be less than 2 meV for BN molecules with n > 2. We checked the error due to neglecting the perturbative corrections higher than the 2nd order in the MP2 method by comparing to CCST(D)/CBS in predicting B 3 N 3 H 6 -water interaction energy. The energy predicted by MP2 differs from CCSD(T)/CBS by less than 7 meV. Considering all the errors in the MP2 calculations, the error in the interaction energy between water and BN molecules is around 4 meV. The interaction energies between water and BN molecules with n < 4 from MP2 are summarized in Fig. 4(a) .
We also estimated the errors in the energy decomposition and extrapolation. We checked the error due to the incomplete basis set in computing the electrostatic energy component by using a larger basis, the aug-cc-pVTZ basis. The change is less than 5 meV. We checked the error in C , using different values 32, 33 leads to a difference of less than 1 meV. We checked the convergence of atomic multipole moments of B/N atoms on molecular size by plotting the multipole moments on atoms in BN molecules against their number of bonds from hydrogen, as shown in Fig. 5 . The atomic charge, dipole, and quadrupole moments all converge to a constant value for atoms several bonds away from hydrogen. We checked the error due to neglecting the higher-order coupled interaction during energy decomposition by comparing the extrapolated result with MP2 calculation. The interaction energy between water and B 27 N 27 H 18 is extrapolated to −74 meV, which differs from direct MP2 calculations by less than 1 meV. We checked the convergence of extrapolated energies between water and h-BN monolayer on the size of the BN molecule used in extrapolation. The extrapolated interaction energy using B 27 N 27 H 18 (n = 3) differs by less than 1 meV from that using B 12 N 12 H 12 (n = 2), as shown in Fig. 4(b) . Considering all the errors, the binding energy between a single water molecule and h-BN monolayer is estimated as −74 ± 7 meV by MP2. The binding energy estimated by MP2 is in good agreement with that of DMC for both the BN molecule and the h-BN monolayer. As a relatively efficient method to capture the non-bonded interaction, MP2 can be used to compute the interaction energy for multiple configurations. B/N-water force field parameters can be developed by fitting to the MP2 energies, 34 which can be used in atomistic simulation to study larger systems. 35 We can also use our DMC result to evaluate the performance of DFT with dispersion correction. Two correction schemes, PBE-D2 following Grimme's protocol 36 and PBE-TS following the protocols of Tkatchenko and Scheffler, 37 were considered. The binding energy using PBE-D2 agrees with the result by Hilder et al. using BLYP-D2. 12 Compared to the DMC result, both PBE-D2 and PBE-TS overestimate the magnitude of the water-h-BN interaction, as shown in Fig. 4 .
In summary, three methods were used to study the binding energy between water and h-BN. The results from the three methods agree for both the BN molecule and the monolayer. (n), where the first term on the right is computed by subtracting the electrostatic energy component from the interaction energy for B 3m 2N 3m 2H6m, the second term accounts for interaction between water and the additional B/N atoms in B 3n 2N 3n 2H6n compared to B 3m 2N 3m 2H6m, the third term is the dispersion energy between water and termination hydrogen atoms in B 3m 2N 3m 2H6m, and the final term is the dispersion energy between water and termination hydrogen atoms in B 3n 2N 3n 2H6n. 
